Physical exercise interventions and cognitive training programs have individually been reported to improve cognition in the healthy elderly population; however, the clinical significance of using a combined approach is currently lacking. This study evaluated whether physical activity (PA), computerized cognitive training and/or a combination of both could improve cognition. In this nonrandomized study, 224 healthy community-dwelling older adults (60-85 years) were assigned to 16 weeks home-based PA (n = 64), computerized cognitive stimulation (n = 62), a combination of both (combined, n = 51) or a control group (n = 47). Cognition was assessed using the Rey Auditory Verbal Learning Test, Controlled Oral Word Association Test and the CogState computerized battery at baseline, 8 and 16 weeks post intervention. Physical fitness assessments were performed at all time points. A subset (total n = 45) of participants underwent [
INTRODUCTION
The rise in life expectancy has led to increases in the prevalence of dementia globally. 1 Lifestyle plays a vital role in increasing the risk of dementia, as poor diet and inactivity-both physical and mental-have been associated with cognitive decline. [2] [3] [4] It has been estimated that the prevalence of dementia will increase over fourfold by 2050, 5 and so far, pharmacological interventions have been ineffective. As a result, lifestyle interventions have attracted substantial interest, as physical and mental inactivity including poor diet are risk factors that are modifiable. Specifically, studies indicate that increasing the mental and physical activity, improving diet and changing an individual's response to stressful stimuli are avenues through which we can maintain brain health and lower the risk of dementia. [6] [7] [8] Observational studies have reported that physical activity (PA) is associated with better cognitive performance and reduced dementia risk. [9] [10] [11] [12] Intervention studies and meta-analysis of PA clinical trials for healthy older adults report enhanced memory, executive function and reaction time, [13] [14] [15] including improved cognition in Alzheimer's disease (AD) patients. 16, 17 A study (n = 170) reported that 6 months of walking intervention improved ADAS-Cog scores in patients with mild cognitive impairment (MCI) compared with the control group. 18 Aerobic exercise intervention is most beneficial for cognition, 19 whereas resistance training has shown mixed results. 20, 21 Like PA, interventions using mentally stimulating/training (for example, reality orientation, method of loci, mental imagery and so on) activities also enhance cognition in healthy older adults, [22] [23] [24] people with MCI 25 and in AD patients, [26] [27] [28] and is associated with reduced dementia risk. 29, 30 The Advanced Cognitive Training for Independent and Vital Elderly and the Improvement in Memory with Plasticity-based Adaptive Cognitive Training clinical trials have provided the best evidence of benefits from computerized brain training for verbal memory, reasoning, processing speed and attention. 22, 31, 32 enhanced cognitive control along with improved untrained cognitive control abilities. The study demonstrated that agerelated deficits in neural control of cognition were associated with enhanced midline frontal theta power and frontal-posterior theta coherence using electroencephalography; thus highlighting the plasticity of this region in the aging brain. 33 Although the benefits of physical or mental activities on cognition have empirical support, whether further improvement is achieved by carrying out both activities has not been widely Figure 1 . Flow of participants from screening to completion of the 16 weeks post-intervention follow-up assessment.
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T Shah et al explored. Limited clinical studies [34] [35] [36] [37] assessing combined effects have used only cognitive parameters with no inclusion of biomarkers related to AD. Cerebral glucose metabolism, as measured by [ 18 F] fluorodeoxyglucose (FDG) positron emission tomography (PET), is tightly connected to neuronal activity. It can be used as a marker of synaptic dysfunction before neurodegeneration advances further 38, 39 and in fact, cerebral glucose hypometabolism has been reported in MCI 40, 41 and AD patients. [42] [43] [44] [45] A recent study reported that 6 months of cognitive training increased cerebral glucose metabolism in MCI patients only; however, there were no significant associations between increased FDG uptake and improved cognition. 46 PA has also been shown to alter brain glucose metabolism; 47, 48 however, these studies appear to be limited to conditions of high intensity exercise in young middle-aged cognitively normal cohorts. Studies that include neuroimaging assessments of combined interventions in healthy elderly subjects are currently lacking.
The current study tested the hypothesis that superior cognitive benefits occur when using a combination of physical and mental training. The method involved studies of cognitively intact older adults, divided into four groups: PA, cognitive stimulation (CS), combined and a control group. Besides assessing cognition, FDG-PET was used for assessing neuronal activity at week 16 post intervention. 
MATERIALS AND METHODS Participants

Eligibility, inclusion and exclusion criteria
Males and females, aged 60-85 years old and providing informed consent, were recruited. Exclusion criteria included inability to communicate in English, visual or auditory impairment, MMSE (Mini Mental State Examination) ⩽ 24, diagnosis of dementia, uncontrolled medical conditions that could lead to difficulty complying with the protocol including history of cardiovascular disorders, epilepsy and arthritis causing disability. Participants were required to provide a physician's certificate to allow exercise participation, and were required to have access to, and be comfortable using a personal computer with internet connection.
Study interventions
Six hundred and sixty participants were screened for eligibility over the telephone. Figure 1 shows the flow of the participants from screening through to the post-intervention follow-up at week 16. Two hundred and twenty-four participants consented to take part in the study. One participant had an MMSE o 24 and one participant did not complete baseline assessments. Hence, 222 participants commenced the study. Participants were recruited into four groups; PA, CS, both PA and CS (combined) and control. Monthly group meetings were conducted, log books given and fortnightly phone calls made during the 16-week intervention. Group discussions ensured fulfillment of study protocol and resolution of any technical problems.
Though initial attempts were made to randomize subjects to treatment groups, the preferences of some of the subjects made the objective difficult as randomizing them put at risk the viability of the study due to the increased possibility of noncompliance and nonadherence. Thus, participants were allocated to the intervention and control arms alternatively with o10% participants being allocated into groups on the basis of their preference (reasons being couples, friends, relatives, busy schedule and so on). The baseline data of all treatment groups were compared to ensure that no biases were introduced as a result of selfselection. In addition, baseline value of the primary outcome variables were included as covariate in the respective analysis.
Instructions on and training for intervention-specific activities were provided by an instructor in the monthly intervention-specific group meeting. All physical activities were performed under the training provided by a team of exercise physiologists in the group meetings. Instructions on performing respective cognitive exercises were also given for those in the CS group. Instruction booklets with detailed explanation of respective physical and cognitive exercises were given. The different home-based activities carried out by the groups are outlined below:
PA group. PA consisted of 48 sessions of walking for 60 min per day, 3 days per week and 32 sessions of resistance training for 40 min per day, 2 days per week. Exercises included 10 min sessions for warming up and cooling down. Resistance training incorporated all major muscle groups using an elastic tube of 25 kg of resistance known as the Gymstick (www. gymstick.net) for upper (for example, chest press, seated row, biceps curl) and ankle weights for lower (for example, leg press, leg extension, leg curls) body exercises as tolerated. Each participant was instructed to record their rate of perceived exertion (Borg Scale 49 ) during the activities. The intensity of the exercises were gradually increased under the supervision of an exercise physiologist at each group meeting. PA+CS group. The combined activity consisted of both PA and CS sessions (as described above) each carried out for 60 min per day, 5 days per week, totaling 160 combined sessions.
Control group. This group continued with their routine lifestyle activities. Logbooks were provided to record their physical and mental recreational activities for 16 weeks.
Compliance and adherence
Compliance was monitored via the daily logbook and by fortnightly phone calls, and adherence rate was calculated on the basis of the number of training sessions completed and recorded in the logbook. Nonadherence was defined as any participant that completed o 25% of the total number of respective group sessions at the end of the 16-week intervention. Noncompliance was considered as any participant changing their behavior despite the request to maintain their usual lifestyle pattern or the allocated intervention exercises. This included those participants allocated to the control group commencing activities as a result of the information obtained from the study and the fact that there were three other intervention groups, and the intervention participants performing more robust activities outside their routine lifestyle and the allocated daily activities.
Adverse events
Eight participants reported adverse events that were considered as possibly study-related (shoulder injury due to falling over the carpet while doing fitness assessment in one, sore arms and legs in five, ringing sensation in head with eye strain in one and sweating and exhaustion in one). All participants recovered except the participant with shoulder injury who underwent treatment.
Assessments
Neuropsychological and physical fitness assessments were administered at baseline, 8 and 16 weeks of the study. Blood samples were collected to harvest DNA from leukocytes for APOE genotyping. 50 The primary outcome measure of the study was cognition. Secondary outcome measures included changes in self-reported questionnaires, fitness assessments and differences in the cerebral glucose metabolism in the intervention groups versus the control group. The research staff involved in the enrollment and outcome assessment were unblinded to group assignments as they assisted in organizing the monthly interventionspecific group meetings and follow-up phone calls. CogState tasks included Detection (DET) for processing speed, one back memory (ONB) for attention, Groton maze learning for executive functions and Groton maze learning test recall, identification, one card learning and the continuous paired associate learning for assessing the visual memory. As the continuous paired associate learning, identification, Groton maze learning test recall and one card learning tasks assessed visual memory, an index score was calculated using sample-based z-scores. Dementia was diagnosed using the Cambridge Cognitive Assessment-Revised 54 with a cutoff score of o80/105. The MMSE is a part of Cambridge Cognitive Assessment-Revised. The Hospital Anxiety and Depression Scale 55 assessed anxiety and depression. Self-report measure of everyday memory functioning was assessed using the Memory Functioning Questionnaire 56 (MFQ). Healthrelated quality of life was assessed using the physical and mental health component of the SF-36 (short form-36) 57 questionnaire.
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PA and fitness assessments Baseline PA levels were assessed using the International Physical Activity Questionnaire. The incremental shuttle walk test 58 and an assessment of muscular strength using one repetition maximum protocol across four major muscle groups were performed at baseline, 8 and 16 weeks post intervention by the same operator. Exercise intensity levels were determined using the Borg scale. 49 PET imaging and processing Participants (n = 13) underwent baseline scans, which were used for postintervention comparison. At week 16 (post intervention), a different subset of participants was scanned from each group. Scans were performed 45 min after intravenous injection of 185 MBq [ 18 F]FDG on a Philips Gemini 16 Power PET/CT scanner. All participants were randomly selected for PET imaging. The procedure was performed in a quiet, dimly lit room. Images were processed using the NeuroStat brain analysis software package, as described previously. 42, 44, 59, 60 Data analysis Univariate analysis of variance was performed for all continuous variables and chi-squared tests for all categorical variables to compare the four treatment groups. For study outcome variables, the general linear model repeated measures analysis of covariance procedure was used to assess the main effects of the intervention including its interaction with time, after adjusting for the covariates age, sex, APOE status, Cambridge Contextual Reading Test and the respective baseline value. Post hoc comparisons were only performed when group or group × time interaction was significant. Comparisons between groups were assessed at the 5% level of significance. Statistical analysis was performed using The Statistical Package for Social Sciences (IBM SPSS version 19). The highly conservative Bonferroni corrections were not used (see Perneger 61 ). A minimum of 35 subjects in each of the four groups were determined to have 80% power at 5% level of difference to detect changes of at least 20% in primary outcome variables. Additional recruitments were made to replace/foresee that these numbers did not decrease due to dropouts in the study.
PET data analysis
The PET images were analyzed using NeuroStat brain analysis software as described previously. 42, 60, 62 Briefly, each study was transformed using linear scaling and nonlinear warping to match the NeuroStat standard Talairach anatomical atlas, and maximum cortical activity was extracted using the three-dimensional stereotactic surface projection method described by Minoshima et al. 42 Images were normalized to the mean cortical activity (1000, arbitrary units). To examine significant changes in cerebral glucose metabolism post intervention, week 16 scans on participants (total n = 45) in the three-dimensional stereotactic surface projection images for the four groups were compared separately with the baseline FDG-PET scans (n = 13) using a Student's t-test on a voxel-byvoxel basis.
T-values were converted to equivalent z-scores and a statistically significant threshold was used, controlling for multiple pixel comparisons and the shape of the stochastic process on the three-dimensional stereotactic surface projection format, of z = 4.53 (Po0.05).
NeuroStat was also used to calculate the volume of interest by automatically determining the normalized average surface projection count for major cortical regions (including the parietal, temporal, frontal, occipital, posterior and anterior cingulate cortices) on the week 16 postintervention scans. An analysis of covariance was performed on this data with age, sex, APOE status, Cambridge Contextual Reading Test and history of head injury as covariates. Finally, to determine associations, Spearman's rank correlation was performed with post-intervention neuropsychological scores and regions showing higher cerebral glucose metabolism. Table 1 shows participant (n = 222) demographic and clinical characteristics. Overall, the study participants had an average age of 67.60 ± 5.42 years and 69% were females. Baseline group differences after recruitment were observed for the APOE ε4 status, Borg's scale and SF-36 physical component with no group differences for other parameters. APOE status was included as a covariate in all analyses, whereas inclusion of Borg's scale and SF-36 physical component as covariates did not alter the main results and hence were removed from the analyses. Seven participants switched from the intervention group to the control group. These participants were considered noncompliant together with 11 other noncompliant participants and were excluded from the final analysis. One participant had o 25% adherence and 31 participants were dropouts. Thus, data of 172 participants were included and analyzed. After correcting for multiple comparisons with respect to age, sex, APOE and Cambridge Contextual Reading Test including all primary outcome variables, completers (n = 172) were not significantly different (P40.002) than non-completers (n = 52).
RESULTS
Descriptive statistics
Effect of the interventions on cognition: a combination of PA and CS improves verbal memory Cognitive and fitness assessment results following repeated measures analysis of covariance for the four groups are shown in Supplementary Table 1. Significant group differences were observed for the long-term delayed recall (LTDR) using the Rey Auditory Verbal Learning Test (P = 0.040, partial eta squared 0.055). Post hoc analysis revealed that the combined group performed significantly better (P = 0.024) compared with the control group (Figure 2 ). Group differences were observed for the short-term delayed recall (P = 0.026) but when compared with the control group at 8 and 16 weeks; there were no significant changes in the PA (P = 0.560), CS (P = 0.809) and combined groups (P = 0.966) at 8 weeks or at 16 weeks PA (P = 0.328), CS (P = 0.724) and combined groups (P = 0.309), respectively. No significant group or group × time interaction was observed for immediate recall, executive function, processing speed, visual memory or attention.
Significant group differences were observed for the total score of MFQ (P = 0.021). Post hoc analysis revealed that the control group reported better memory functioning than the PA (P = 0.027) and the combined group (P = 0.016). A significant group × time interaction (P = 0.019) was observed for the distance traveled, as assessed by the Shuttle walk test. Compared with the control group at 8 weeks, the combined group (P = 0.020) and at 16 weeks the PA group (P = 0.012) performed better. No significant changes were observed for measures of SF-36 questionnaire, anxiety and depression scales as well as for the one repetition maximum test and the Borg's scale.
NeuroStat results and analysis of variance PA and computerized brain training together increase cerebral glucose metabolism. A total of 45 participants across all groups Effects of lifestyle interventions in the elderly T Shah et al (PA, n = 11; CS, n = 14; combined, n = 10 and control, n = 10) had an FDG-PET scan at week 16. NeuroStat three-dimensional stereotactic surface projection z-score images indicating regions of hypo-and hypermetabolism for the 16-week post intervention are shown in Figure 3 . The CS group showed a trend towards a metabolic increase (peak z-score = 4.23) in the right inferior frontal gyrus, and the PA group showed a trend towards a metabolic reduction (peak z-score = 4.25) in the left middle temporal lobe. However, the z-scores representing these effects did not reach statistical significance. The volume of interest data with the results of analysis of covariance with study covariates showed significant group differences (Supplementary Table 2 ) for the right and left posterior cingulate cortex (P = 0.025 and P = 0.018, respectively) and left primary sensorimotor cortex (P = 0.045). Trends toward group differences were observed for left medial parietal cortex (P = 0.051) and left frontal lobe (P = 0.073). Pair-wise comparisons revealed that compared with the control group, a significant increase in metabolism was observed for the combined group (P = 0.039) in the left primary sensorimotor cortex (Figure 4a ) with a trend towards greater activity in the left frontal lobe (P = 0.051, Figure 4b ). All other comparisons showed differences between the intervention groups but not compared with the control (data not shown) and thus did not reflect intervention-specific effects.
The findings above show moderate increases in regional counts in the left primary sensorimotor cortex in the combined group, indicating increased glucose metabolism in this region. Although it cannot be determined if this increase is from baseline, as the Indicates the group differences significant at the 0.05 level.
Effects of lifestyle interventions in the elderly T Shah et al scans were only performed at week 16, the data can be used to investigate associations with other outcome variables from the study. Correlation analysis was performed between regional counts in the left primary sensorimotor cortex and cognitive variables assessed at week 16 (Supplementary Table 3 ).
Higher regional counts within the left sensorimotor cortex and left frontal lobe correlated significantly with LTDR for the combined group only (P = 0.030 and P = 0.003, respectively). Such associations were not present in any other group (Supplementary  Table 3 ). No significant correlations were observed with baseline values for LTDR and left primary sensorimotor cortex (ρ = 0.254, P = 0.510). A positive correlation was also present between the CogState ONB (attention) task, and regional counts within the left sensorimotor cortex (P = 0.011) in the combined group. No correlations were observed with pre-intervention values for ONB (left primary sensorimotor cortex (ρ = 0.213, P = 0.582)). Unlike LTDR scores, scores for the ONB task did not improve significantly in the combined group; thus the significance of this association as it relates to improved cognition is unclear.
DISCUSSION
There are three novel findings from this study. First, this specific combination of PA and computerized brain training significantly improved verbal memory after 16 weeks. Second, this combined group showed higher regional counts compared with the control group; indicating higher levels of glucose metabolism. Specifically, significant increases were observed in the left primary sensorimotor cortex. Third, higher regional counts were associated with Figure 2 . Effects of the interventions on long-term delayed recall (LTDR): Repeated measures analysis of covariance showed significant group differences (P = 0.040) for the LTDR scores. Post hoc analysis showed that only the combined group performed better when compared with the control group (P = 0.024). Comb, combined; CS, cognitive stimulation; PA, physical activity. improved verbal memory at week 16 post intervention in the combined group only. This association was not present in any other group, indicating that higher neuronal activity could be due to the activities being combined. Consistent with our current findings, previous studies have reported that a combination of physical and mental activities are more beneficial. 35, 36 However, these studies included paper and pencil based training and did not include additional assessments of biomarkers. Other studies reporting improved cognition have applied stand-alone interventions of PA 18, 63 or CS. 31,32 A 6-month randomized trial of aerobic, strength, flexibility, balance and coordination exercises, or brain training in the form of operating common features of computers (n = 256 women, 70-93 years of age), resulted in improved immediate and delayed recall in the intervention groups. 64 However, this study lacked a combined group. Our study shows that a combination of these activities, which included low intensity walking, provided benefits particularly for verbal episodic memory compared with the control group. In this context, it is noteworthy that episodic memory impairment is the core deficit of AD. 65 Our study did not demonstrate post-intervention benefits for executive functions, visual memory, processing speed or attention. Limited sample size, the counterbalanced-design of our CS intervention or differences in the outcome measures may be responsible, as relationships with these particular cognitive domains have been found in other trials. 22, 31, 32 It may also suggest that the intensity of PA may be more important than the type of exercise for these specific cognitive domains. For example, aerobic exercise has been linked specifically with improved attention 66 and executive control processes. 14, 67 Given the age of the participants, the PA intervention in the current study was deliberately kept mild and hence was not aerobic in nature. A previous study showed that aerobic exercise in the form of brisk walking generated positive outcomes, but only if practiced for at least 1 year. 68 A recent trial using PA and identical brain training programs for 12 weeks reported improved global cognitive scores over time, but these scores did not differ between the intervention and the active control group. 34 Our results demonstrate the cognitive benefits of combined activities after 16 weeks of training.
Unexpectedly, the control group reported better memory performance at 16 weeks post intervention on the MFQ in this study. Memory self-appraisal and depression tendencies are strongly associated. 69 It is possible that participating in such a trial may have some placebo-like effect; that is, encouraging an imitation of treatment and resulting in a self-reported improvement in memory or a decrease in subjective memory complaints. However, this finding was not supported by any objective measure of cognitive function included in the current study that could possibly explain the improved memory self-perception, nor did the control subjects demonstrate any changes in their physical fitness assessments post intervention.
Our study suggests that the observed benefits in verbal memory may be mediated by the higher glucose metabolism levels in the left sensorimotor cortex. To the best of our knowledge, there is no other study that has investigated the benefits of single as well as combined lifestyle interventions using FDG-PET. FDG-PET has been used in one study to examine a cohort of 17 healthy older adults, to investigate the benefits of a combination of memory training, PA, stress reduction and diet. The study reported a 5% decrease in activity in the left dorsolateral prefrontal cortex in the intervention group. 70 The intervention used in the study by Small et al. 70 was a combination aimed at providing an overall healthier lifestyle, however, it is not possible to interpret whether all or any one component of this healthy lifestyle caused the resulting improvement in word fluency and the observed change in brain activity.
In addition, we showed that of all the variables, only the LTDR was positively associated with the observed higher regional count. This suggests that the increased LTDR scores could be due to the higher neuronal activity in this brain region. The left primary sensorimotor cortex is usually associated with motor functioning, although animal studies suggest that it is highly dynamic. Thus, cognitive functioning could be mediated in this area because it shows high neuronal plasticity, and increased activation within this area is seen following long-term learning. 71, 72 Unlike the frontal cortex, this brain region is relatively spared from AD pathology and does not show reductions in glucose metabolism in early AD. 44 According to the cognitive reserve hypothesis, there is increased and decreased activation in specific brain regions during task performance reflecting the complexity of the neural expression of the cognitive reserve. It has been speculated that for a given task, high cognitive reserve could result in reduced cerebral activation in regions normally specifically engaged to enable performance of the task, and this could possibly explain why we found an increase in the left primary sensorimotor cortex whereas Small et al. 70 had found a decrease in the dorsolateral prefrontal cortex. It is tempting to speculate that, as the more susceptible areas of the brain are affected in early dementia, the more resistant areas such as the sensorimotor cortex may provide cognitive reserve and higher neuronal activity following lifestyle interventions. 73 There are some limitations to this study. The participants were not completely randomized. Although randomization is important, such an approach may not be practical in lifestyle intervention trials. Cognitively healthy individuals are often highly motivated, usually active and request to be placed into groups that are rewarding. Internet publicity of brain training games, social interaction and spouses/friends of study participants requesting to be placed in the same group make it more challenging to ensure randomization. However, baseline values were taken as a covariate in the analysis to reduce any nonrandomization bias. Another limitation is that the FDG-PET scans were performed at week 16 post intervention only. Thus it cannot be determined if the reported increase is from baseline.
In conclusion, this study adds to the clinical significance of lifestyle interventions by demonstrating improved cognition following 16 weeks of walking and resistance training together with computerized visual and auditory cognitive training. The results identify higher cerebral glucose metabolism as a result of these activities, beyond the traditional benefits of enhanced blood circulation as observed for both physical and mental activities. Although data from the FDG-PET scans must be interpreted with caution, the current findings provide information that combined lifestyle activities may be altering neuronal activity. A larger sample size with longitudinal follow-up would consolidate findings and provide further information. Specifically, it would help to determine if such changes in cerebral glucose metabolism are maintained following completion of the intervention, or if the activities need to be continued to maintain these benefits. The findings do indicate that the type of activities trialed here provide greater cognitive benefits than routine lifestyle activities in the healthy elderly.
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